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Abstract.

Meso-scalsimulationsof acompactiorwave in agranularbedof HMX have beenperformed.The

grainsarefully resohedin orderthatthe changen porosityacrosshe wave front is determinecdby the elastic-

plasticresponsef the grainsratherthanan empiricallaw for the porosityasa function of pressure Numerical

wave profilesof the pressureandvelocity are comparedwith datafrom a gasgun experiment. The experiment
usedaninitial porosityof 36%, andthe wave hada pressur&omparabldo theyield strengthof the grains. The

profilesaremeasuredat the front andbackof the granularbed. Thetransittime for the wave to travel between
the gaugegogetherwith the Hugoniotjump conditionsdetermineghe porosity behindthe wave front. In the

simulationsthe porosity is determinedby the yield strengthand stressconcentrationst the contactbetween
grains. Thevalueof theyield strengthneededo matchthe experimentis discussedAnalysisof theimpedance
matchof the wave at the back gaugeindicatesthat the compactionwave triggersa small amountof burn, less
than1% massfraction,on the micro-secondime scaleof the experiment.

INTRODUCTION

The sensitvity of an explosive is relatedto ma-
terial heterogeneities. When subjectedto a com-
pressiewave,theheterogeneitiegeneratdotspots.
The hot spotsdominatethe overall burn rate dueto
the strong temperaturedependencef the reaction
rate. In a damagedmaterialthe heterogeneitieare
dominatedby porosity Consequentlygranularex-
plosivesareusedasamodelfor damageaxplosives.

Compressionin a granularbed resultsin stress
concentrationsat the the contact betweengrains.
When a stress concentration exceeds the yield
strength,localized plastic flow occurs. The result-
ing changein shapeof the grainsenablesthemto
packtogethemoretightly. Shockwavesin whichthe
compressiolis dominatedy thedecrease porosity
areknown ascompactiorwaves

Hot spotsresultingfrom a compactionwave are
sub-grainin size. To betterunderstandhe formation
of hot spots,meso-scalesimulations— continuum
mechanicsalculationsn which heterogeneitieare
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resoled— arebeingperformed.Datafrom experi-
mentsprovide a checkon the simulations.

A seriesof compactionwave experimentson
granularexplosives performedat Los Alamos and
Sandianationallaboratoriesaresummarizedn anar-
ticle by Shefield, Gustasenand Anderson(4). In
theseexperiments,a projectile from a gasgun im-
pactsa target consistingof a front disk of Kel-F, a
granularsampleof HMX, anda backdisk of TPX.
The dominantwavesin the target are shavn in fig-
ure 1. Two setsof gaugesareusedto measureither
velocity or stress. The front gauge,locatedat the
Kel-F/HMX interface, recordsthe wave profiles of
theincidentshockasit is transmittednto the gran-
ular bed,andof the returnshockin the compressed
bed. The backgauge locatedat the HMX/TPX in-
terface,recordsthe wave profile asthe compaction
wave reflectsfrom the backdisk.

The simulationsreportedherecorrespondo ex-
perimentswith a low impact velocity (280m/s);
LANL shot#912 and SANDIA shot#2477. This
caseis chosenin orderto testthat the meso-scale
simulationsdescribequantitatvely the mechanical
behaior of a granularbedbeforeproceedingo the
more interestingcasesof higher impact velocities
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FIGURE 1.Wave diagramfor gasgunexperiments.

that resultin significantburn on the micro-second
time scaleof the experiments.

Similar experimentshave beensimulatedprevi-
ously Baer (1) useda two-phase(coarsegrain)
model. This type of modelaveragesoverthe hetero-
geneities,and allows for a much coarsemesolution
thanthegraindiameter However, anempiricalcom-
pactionlaw is neededo accountfor the evolution of
the porosity In the meso-scalsimulationsthe evo-
lution of the porosityis determinecdby the plasticity
modelfor pureHMX andthe structureof the granu-
lar bed. In addition,burn modelsusedin two-phase
simulationsare heuristicin natureandgenerallyare
accurateonly whenappliedto experimentssimilar to
the onesusedto calibratemodelparametersln con-
trast, meso-scalesimulationsaim to determinethe
burn rate basedon the measuredchemicalreaction
rate,andthedistribution of hot spots.

Horie and collaborators(5) simulateda com-
paction wave experimentwith the discrete meso-
dynamicsmethod. Thoughvery generalforce laws
betweenelementscan be employed, corvergence
with increasedresolution(numberof elementsper
grain) and the continuumlimit of the underlying
modelhave not beenstudied. In addition,the focus
hasbeenon mechanicaproperties. Thermalquan-
tities, suchastemperatureeededor reactionrates,
have beenngglected.

Finally, we note that 3-dimensionalmesoscale
simulationsof reactve flow have beenreportedby
Baer(2). Evenon a supercomputey his simulation
with 5pm resolutionis limited to a 1 mm cubeand
to a time interval of 50ns. In orderto obsenre re-
actionon this shorttime scale,a high impactveloc-
ity (1000m/s)is needed.This is in the regime of a
shock-to-detonatiotransition.

Themesoscalsimulationreportecherearein the
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FIGURE 2. Initial configurationfor simulations.Thetwo
light gray region at the left are Kel-F The first region is
given a velocity correspondingdo the projectile. A trans-
mitting conditionatthe left boundaryis usedto obtainthe
effect of alargerfront disk. For thegranularbedthe HMX

grainsare shawvn in gray andthe pores(voids) in black.
Thedarkgrayregionontherightis TPX.

regime of a deflagration-to-detonatiotransition. A
two-dimensionakimulationwith 10um resolutionis
usedfor a sample3.9mmx1.5mm over a time in-
terval of 8 us. Onthe currentgeneratiorof personal
computersasimulationtakeswell underaday.

SIMULA TIONS

The initial configurationusedfor the meso-scale
simulationsis shavn in figure 2. The porosity of
the granularbedis 36%. The grainsarerandomly
distributedand have an averagediameterof 120um
with auniformvariationof £10%. A Mie-Grlneisen
equationof statebasedon a linear us-up relationis
usedfor the Kel-F front disk and TPX back disk.
An elastic-plasticconstitutve modelis usedfor the
HMX grains.It consistof aMie-Griineiserequation
of statefor the hydrostaticcomponenbf the stress,
an elasticshearstressanda von Misesyield condi-
tion. The strengthmodelis isotropic, perfectlyplas-
tic andrateindependentThematerialparameterare
specifiedn (3, tablel).

Columnsof Lagrangiartracerparticlesareplaced
justin front andjust behindthe granularbed. The
columnaverage®f thevelocitiesandnormalstresses
of thetracerparticlesareshavn alongwith thegauge
datain figure 3. The dataandsimulationof the front
recorddndicatethatafteratransientthevelocityand
stresdehindthecompactiorwave arein goodagree-
ment. As discussedn (3), the transientresponsef
the tracer particlesas comparedto the gaugesex-
plainsthe initial overshootin the simulatedrecord.
The remaindernf the front recordsshows a slow in-
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FIGURE 3. Comparisorof gaugedatawith simulations.
Black linesaregaugedatatakenfrom (4, figure2.7). Thin

line (t > 6.4pus) indicatespossiblecontaminatiorfrom side
rarefactions.Graylinesaresimulatedresults.

creaseof the stressanda correspondinglecreasef

thevelocity of thegaugedataascomparedo thesim-

ulations. Burning behindthe wave front would have

this effect. In (3) it is estimatedhata smallamount
of burn, massfraction of lessthan1 %, is sufficient
to increasdhe stresdy the obsened10%.

At the backrecords,the agreemenin the arrival
times indicatesthat the compactionwave speedis
correctly determinedby the simulations. Using the
jump conditionfor massconsenration, we find that
the solid volumefraction (¢ = 1 — porosity) behind
thewave front

—_®
1—up/us’

® 1)
is nearly1. The porosityis determinedoy the grain
distribution andyield strength.To obtainthe nearly
zero porosity neededio matchthe wave speed,the
yield strengthhadto beloweredto 0.15GPafrom the
value of 0.26GPa inferredfrom the measureelastic
precursoin singlecrystalHMX. For comparisonywe
notethatthe averagenormalstresscomponen{oxy)
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FIGURE 4. Impedancematchat back gauge. Shortand
long dashedines arethe shockloci for the granularHMX
andthe TPX, respectiely. Solidline is thereflectedshock
locusin compactecdHMX. The symbolsdenotethe states
of the incidentwave (from the front record) and the re-
flectedwave (from the backrecord)from the experiment
(squarespndsimulation(circles). The crossesn the cir-
clesareanestimateof theexperimentakrror Thegrayline
is the reflectedshocklocus assuminghat burn increases
the stresshehindthe compactionwave by 10% asit prop-
agateghroughthegranulatHMX.

0.0

behindthe compactionwave is 0.2GPa. Theyield
strengthis discussedurtherin (3).

The most notable discrepanciesat the back
recordsarethe high valuesof stressandvelocity at
the backgaugeascomparedo the simulations.The
differencds dueto thelack of burningin the simula-
tion. To verify thiswe consideitheimpedancenatch
of thecompactionvave impactingthe backdisk.

The wave curves for the impedancematch are
shawvn in figure 4. In addition, for both the experi-
mentandthe simulationthe statesare shavn corre-
spondingto the incidentshock(asdeterminedrom
thefront record)andto thereflectedshock(asdeter
mined from the backrecord). The simulationis in
agreementvith theimpedancenatch.

A property of the impedancematchis that the
changén stressmusthave the oppositesignfrom the
changen velocity. This propertyis violatedfor the
dataif it is assumedhatthe compactionwvave prop-
agateswith constantstrength.On the otherhand,if
the stressbehindthe compactionwave increasedy



10%, asindicatedby the front gauge thenthe data
is consistentvith theresultof theimpedancenatch.

Finally, we note that the arrival of the reflected
shockat the front of the granularbedis slightly de-
layed in the simulation as comparedto the gauge
data. This is probablydue to the small amountof
burn occurringin the experimentandabsenceén the
simulation.

BURNING ISSUES

The averagestatebehindthe compactiorfront is
determinedargely by the jump conditionsderived
from the consenration laws. The statefrom meso-
scalesimulationscompareswell with experimental
datasinceit is aninsensitve quantity Becauseeac-
tion ratesarestronglytemperatursensitve, theover
all reactionrateis dominatedy hot spots.Hot spots
representluctuationsthetail of thetemperaturelis-
tribution, and as suchare a more sensitve quantity
to compute. The temperaturdield and the average
profile areshavn in figure 5. Eventhoughthe sim-
ulationsdo show that ‘hot spots’ are generatedoy
a compactionwave, the hot-spottemperaturas low
andwouldresultin anegligible amountof burn, even
if reactionsvereincludedin thesimulations.

Hot spotsare determinedby the grain distribu-
tion anddissipatve mechanismsThesimulationsn-
cludethreedissipatve mechanisms(i) plasticwork,
(ii) shearheating,and (iii) artificial bulk viscosity
Conspicuouslyabsentis frictional heatingat grain
interfaces. The computationalproblemis that al-
gorithmsthat can handlethe large distortion of the
grains are inaccurateat interfacesand vice versa.
Hence, dissipatve mechanismthat take place pre-
dominantlyat interfacesaredifficult to simulateac-
curately Moreover, the peakhot-spottemperature,
which is critical for reaction, requiresfine resolu-
tion. Presentlyonsupercomputeris is possibleo do
simulationswith sufficiently high resolutionin two-
dimensionshut notyetin three-dimensions.
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FIGURE 5. Temperaturebehindwave front from simu-
lations,at time of 5ps. Profileis averageparallelto wave
front (y-direction).Graylinescorrespondo maximumand
minimumvalues.
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